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Tomato MAPK kinase SlMKK2 is a key protein regulating immunity-associated programmed cell
death (PCD) in plants. We examined the role of the N-terminal MAPK-docking site (or D-site) of
SlMKK2 in PCD elicitation. In vivo assays revealed that SlMKK2 interacted with the downstream
MAPK SlMPK3 independent of PCD elicitation and two conserved leucines in the D-site were
required for both interaction with SlMPK3 and PCD elicitation. These results demonstrate that
two leucines in the D-site of SlMKK2 play a critical role in regulation of signal transfer to the down-
stream MAPK by regulating their physical interaction.
Structured summary of protein interactions:
SlMPK3physically interacts with SlMKK2 by anti tag coimmunoprecipitation (View Interaction: 1, 2, 3, 4)
TFT7physically interacts with TFT7 by anti tag coimmunoprecipitation (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitogen-activated protein kinase (MAPK) cascades regulate
many important biological events, including growth, development
and apoptosis or programmed cell death (PCD) in both mammalian
and plant cells [1,2]. These cascades consist of three main compo-
nents, MAPK kinase kinases (MAPKKKs), MAPK kinases (MAPKKs),
and MAPKs. Once MAPKKKs are activated by certain stimuli, the
signal is transferred to downstream MAPKKs by phosphorylation,
and then similarly to MAPKs. Several important MAPK cascades
have been characterized in yeast and mammalian cells, and their
regulatory mechanisms have been intensively studied [3–5]. In
plants, MAPK cascades have been characterized as important signal
transduction pathways for diverse biological events, including
plant immunity mediated by disease resistance (R) proteins [1].
Plant R proteins activate PCD pathways as a strong defense re-
sponse, when they recognize either directly or indirectly corre-
sponding effector proteins from diverse pathogens. This type of
resistance is referred to as effector-triggered immunity (ETI) [6].For example, R protein complex in tomato (Solanum lycopersicum)
Pto/Prf activates ETI upon recognition of bacterial effectors AvrPto
or AvrPtoB of Pseudomonas syringae pv. tomato[7,8]. In the last
two decades, approximately 25 proteins have been found to act in
Pto/Prf-mediated ETI pathway [9]. Among these, proteins that
constitute two separate MAPK cascades have been reported to pos-
itively regulate Pto/Prf-mediated ETI in both tomato and Nicotiana
benthamiana; in N. benthamiana these cascades are
MAPKKKa–MEK2–SIPK/WIPK and MAPKKKe–MEK2–SIPK/WIPK
[10]. Like co-expression of Pto with AvrPto, individual expression
in leaves of MAPKKKa, MAPKKKe, or MEK2DD (which is a constitu-
tively-active form ofMEK2), induces PCD inN. benthamiana[10–12].
Although relatively little is known about the mechanisms regu-
lating protein–protein interactions in MAPK cascades in plants, one
cascade in tomato involving SlMAPKKKa–SlMKK2–SlMPK1/
SlMPK3 (corresponding to MAPKKKa–MEK2–SIPK/WIPK in N.
benthamiana) has been a focus of such research [13–15]. Recently,
it was shown that a tomato 14-3-3 protein, TFT7, binds to both
SlMAPKKKa and SlMKK2 and probably enhances signal transfer
to regulate Pto- and SlMAPKKKa-mediated PCD [13,14]. Interest-
ingly, the TFT7 binding site in SlMKK2 (R-X-X-X-T33-X-P) was
found to overlap with a putative MAPK-docking site (R28–R29-X-
X-L32-X-L34), known as the D-site in yeast and mammalian sys-
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site occurs in all MAPKKs that belong to group C of plant MAPKKs
[14]. An extensive searche for the putative D-sites revealed that
they are mostly present in the extended N-terminal regions of
many MAPKKs [16]. The consensus sequence of the D-site of MAP-
KKs consists of two or three basic residues, a short spacer, and a
hydrophobic-X-hydrophobic motif such as K/R-K/R-X(1–5)-L/I-X-
L/I, where X indicates a random amino acid. Diverse assays re-
vealed that both basic and hydrophobic residues in the D-site are
critical for interaction with MAPKs and also for regulation of MAPK
activation [17,18]. Although plant group C MAPKKs were shown to
carry the similar D-site in their N-termini [14,19,20], which resi-
dues in the consensus sequences of the D-sites are critical for inter-
action with downstream MAPKs is still unclear in plants.
In this study, we examined which amino acid residues of the D-
site of SlMKK2 are important for interaction with the downstream
MAPK, SlMPK3 and PCD elicitation. We show that the D-site of
SlMKK2 is critical for interaction with SlMPK3 and also elicitation
of PCD in plants, and two conserved leucines in the D-site are re-
quired for both functions.
2. Materials and methods
2.1. Bacterial and plant species
Escherichia coli and Agrobacterium tumefaciens strain GV2260
were grown at 30 C in LB medium with appropriate antibiotics.
N. benthamiana plants were grown in the greenhouse with light
for 16 h at a temperature of 24–26 C.
2.2. Protein sequence alignment
Protein sequences of MAPKKs were obtained from the GenBank
database: SlMKK2, AAU04434; SlMKK3, AAU04435; AtMKK4,
O80397; AtMKK5, NP_188759; AtMKK6, NP_200469; NtMEK1,
CAC24705; NtMEK2, AAG53979; OsMKK4, BAH00050; MtSIMKK,
CAC69137; LjSIP2, ADX97443. Protein sequences of two poplar
MAPKKs, PtMKK5 and PtMKK4, were obtained from the Populus
genome assembly version 1.0 [21]. Protein sequence alignment
was performed by using the ClustalW method in MegAlign soft-
ware (Lasergene, DNAStar, UK).
2.3. Site directed mutagenesis
For substitution of arginine-28, arginine-29, leucine-32, or leu-
cine-34 to alanine in SlMKK2DD, PCR-based site-directed mutagen-
esis was performed as described previously [22].2.4. Cell death and electrolyte leakage assays
SlMKK2DD or its variant forms or Pto/AvrPtowere transiently ex-
pressed by Agrobacterium inﬁltration in leaves of the wildtype N.
benthamiana as described previously [13]. In the case of SlMKK2DD
and its derivatives (see below), 2 lMof estradiol was applied to the
agro-inﬁltrated area of leaves 2 days after inﬁltration. To quantify
the degree of cell death, electrolyte leakage was measured, as
described previously [14]. For each cell death elicitor, data were
collected from four different agroinﬁltrated areas (two leaf discs
per each area) and were statistically analyzed by a t-test (P < 0.05).2.5. Co-immunoprecipitation (co-IP)
For co-IP, two proteins were transiently co-expressed by Agro-
bacterium inﬁltration in leaves of N. benthamiana. Expression of
HA-tagged SlMKK2 and its derivatives was controlled by the estra-diol-inducible system using the vector pER8 [23]. Expression of
SlMPK3, TFT7 or GFP proteins was controlled by the CaMV 35S pro-
moter in the vector pBTEX. Expression of SlMKK2-50aa-GFP or its
derivatives was controlled by the CaMV 35S promoter in the vector
pEarleyGate [24]. Co-IP assays were performed as described previ-
ously [14].
2.6. Western blotting
Proteins were separated in 12% SDS–PAGE gel, and transferred
onto Immobilon-P membrane (Millipore, Billerica, MA, USA) by
an electroblotter (BioRad, Hercules, CA, USA). Western blotting
was carried out with ECL PLUS western detection kit (GE Health-
care, Piscataway, NJ, USA). A FLAG antibody (Sigma, St. Louis,
MO, USA) or a HA antibody (Roche, Mannheim, Germany) was used
for detecting HA-tagged or FLAG-tagged proteins from N. benth-
amiana. A GFP antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was used for GFP or GFP-tagged proteins. For Fig. 3B, band
intensity of co-IPed SlMKK2-50aa-GFP proteins were normalized
based on the intensity of their input after quantiﬁcation by the Im-
age J program (National Institute of Health, Washington DC, USA).3. Results
3.1. Tomato MAPK, SlMPK3 interacts with SlMKK2 in plant cells
regardless of PCD
Previously we showed that SlMKK2 belongs to the plant group C
of MAPKKs and contains a MAPK-docking site (or D-site) at its N-
terminus overlapping with a 14-3-3 binding site [14]. All plant
group C MAPKKs except Poplar PtMKK4 that were aligned have
an overlapping D-site and 14-3-3 binding site (Fig. 1A). In the case
of PtMKK4, the key amino acid threonine-33 for interaction with
TFT7 is replaced with a lysine, but it otherwise has an intact D-site.
To determine the possible stable interaction between SlMKK2
and one of its known substrates, SlMPK3 [15], HA-tagged SlMKK2
and FLAG-tagged SlMPK3 were transiently co-expressed in N.
benthamiana leaves, and co-IP was performed using anti-FLAG aga-
rose beads. GFP-HA or GFP-FLAG were used as negative controls.
Although co-expression of SlMKK2 and SlMPK3 did not induce
PCD, co-IP results showed that the wildtype SlMKK2 strongly inter-
acted with SlMPK3, but GFP did not (Fig. 1B). To examine if PCD it-
self affects interaction between SlMKK2 and SlMPK3, HA-tagged
SlMKK2DD was co-expressed with FLAG-tagged SlMPK3, and co-IP
was carried out. Although the abundance of SlMKK2DD was much
lower than that of the wild type SlMKK2 due to the progress of cell
death, this constitutive-active form still strongly interacted with
SlMPK3 (Fig. 1B).
The SlMKK2/SlMPK3 module has been shown to act down-
stream of Pto/Prf-mediated ETI pathway [9]. To examine if Pto/Avr-
Pto-mediated PCD affects interaction between SlMKK2 and
SlMPK3, HA-tagged SlMKK2 and FLAG-tagged SlMPK3 were tran-
siently co-expressed in N. benthamiana leaves in the absence or
presence of Pto/AvrPto-mediated PCD, and co-IP was performed
using anti-FLAG agarose beads. Although the abundance of ex-
pressed proteins detected in the presence of PCD was much lower,
SlMKK2 still strongly interacted with SlMPK3 (Fig. 1C). Collectively,
these results indicate that SlMKK2 directly interacts with the
downstream MAPK, SlMPK3 in vivo regardless of PCD elicitation,
and both proteins likely occur as a complex in plant cells.
3.2. SlMPK3 does not interact with TFT7 in plant cells regardless of PCD
Previously, we showed that both SlMAPKKKa and SlMKK2 have
typical 14-3-3 binding sites, and they interact with TFT7 in vivo.
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Fig. 1. SlMKK2 interacts with SlMPK3 in plant cells regardless of PCD. (A) Alignment of SlMKK2 with its orthologs that belong to plant group C MAPKKs by using ClustalW.
The 14-3-3 binding site (R-X-X-X-S/T-X-P) and the putative MAPK-docking site (or D-site, K/R-K/R-X-X-L-X-L) are underlined. (B) Co-immunoprecipitation (co-IP) assay
between SlMKK2 and SlMPK3. Agrobacterium strains carrying either SlMKK2 or SlMPK3 gene construct were co-inﬁltrated into N. benthamiana leaves, and 2 lM of estradiol
was sprayed on top of the agroinﬁltrated leaf area 24 h later to induce expression of SlMKK2. Leaf discs were collected for protein extraction 18 h after estradiol treatment,
and co-IP was carried out with anti-FLAG agarose beads. After co-IP, immunoblotting (IB) was performed with antibodies indicated in the ﬁgure. GFP proteins were used as
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of Pto/AvrPto-mediated PCD, and co-IP was performed as described in Fig. 1B.
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examined if SlMPK3 can interact with TFT7. To do this, HA-tagged
TFT7 and FLAG-tagged SlMPK3 were transiently co-expressed in N.
benthamiana leaves, and co-IP was performed using anti-FLAG aga-
rose beads. In this assay, FLAG-tagged TFT7 was co-expressed with
HA-tagged TFT7 as a positive control [14]. As expected, TFT7 could
form homodimers. However, TFT7 did not interact with SlMPK3
(Fig. 2). Because phosphorylation is critical for interaction of 14-
3-3 proteins with their target proteins, SlMPK3 was activated by
induction of PCD mediated by Pto/AvrPto. co-IP result showed no
interaction under PCD condition (Fig. 2). These results indicate that
SlMPK3 does not interact with TFT7 in plant cells.
3.3. Two conserved leucines at the D-site of SlMKK2 are critical for
interaction with SlMPK3 and PCD elicitation
Based on results from mammalian MAPKKs, it has been pro-
posed that the D-site is important for initial contact with MAPK,
followed by contact at the activation loop of MAPK for phosphory-
lation [25]. To determine if the D-site in SlMKK2 is sufﬁcient for
interaction with SlMPK3, the DNA encoding the N-terminal 50
amino acids was cloned as a fusion with a GFP-encoding DNA frag-
ment. The resulting fusion protein was transiently expressed in N.benthamiana leaves, and co-IP was carried out with FLAG-tagged
SlMPK3 or TFT7, using anti-FLAG agarose beads. The co-IP experi-
ments revealed that the N-terminal 50 amino acids containing
the D-site strongly interacted with SlMPK3, but not with TFT7
(Fig. 3A).
The D-site of SlMKK2 contains an R-R-X-X-L-X-L signature.
Based on data from mammalian MAPKKs, substitution of two basic
amino acids (R-R) to acidic ones (e.g., E-E) together with substitu-
tion of two conserved leucines to alanine abolished interaction
with downstream MAPKs [26]. Moreover, substitution of three ba-
sic amino acids (R-R-R) to leucine-proline-leucine (L-P-L) in
NtMEK2DD abolished its cell death-eliciting ability [19]. To exam-
ine if the four conserved amino acids residues in the D-site of
SlMKK2 are required for interaction with SlMPK3, either all four
conserved residues or only the two conserved arginines or leucines
were substituted with alanine in the SlMKK2–50aa-GFP construct.
These are referred to as SlMKK2-50aa-GFP-4A, SlMKK2-50aa-GFP-
RR-2A, and SlMKK2-50aa-GFP-LL-2A, respectively. These con-
structs were transiently expressed in N. benthamiana leaves, and
co-IP was carried out with SlMPK3-FLAG, using anti-FLAG agarose
beads. Based on the co-IP results, SlMKK2-50aa-GFP-4A and
SlMKK2-50aa-GFP-LL-2A were greatly reduced in their ability to
interact with SlMPK3 (about 12-fold less than the wild type), but
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Fig. 2. SlMPK3 does not interact with TFT7 in plant cells regardless of PCD.
Agrobacterium strains carrying either TFT7 or SlMPK3 gene construct were co-
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extraction 48 h after agroinﬁltration. co-IP experiment was carried out as described
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C.-S. Oh et al. / FEBS Letters 587 (2013) 1460–1465 1463SlMKK2-50aa-GFP-RR-2A was only slightly reduced (about 2.6-fold
less than the wild type) (Fig. 3B). Thus, two conserved leucines are
more critical for interaction with SlMPK3 than two arginines.
To determine if loss of ability of SlMKK2 to interact with
SlMPK3 affects its cell death-eliciting activity, the same substitu-
tions were introduced into SlMKK2DD and named SlMKK2DD-4A,
SlMKK2DD-RR-2A, and SlMKK2DD-LL-2A, respectively. In addition,
SlMKK2DDD40, in which the ﬁrst 40 amino acids were deleted,
was generated. Cell death eliciting activities of the four SlMKK2DD
variants were compared with that of the wild-type SlMKK2DD.
SlMKK2DD-RR-2A still induced PCD like the wild type (Fig. 4A and
B). However, SlMKK2DDD40 and SlMKK2DD-4A did not cause PCD,
whereas SlMKK2DD-LL-2A only weakly induced PCD as judged by
an electrolyte leakage assay (Fig. 4A and B). All SlMKK2DD mutantSlMPK3-
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Fig. 3. Two conserved leucines at the D-site of SlMKK2 are required for interaction with
SlMKK2 containing the D-site was fused to the GFP protein, and this fusion protein was
Fig. 1B. (B) Four conserved amino acid residues (R28–R29-X-X-L32-X-L34) at the D-
substitutions at all four residues, only the two arginines, or only the two leucines were na
respectively. Protein–protein interactions between these proteins and SlMPK3 were com
described in Fig. 1B.forms were expressed at a similar level as the wild type protein
(Fig. 4C). These results indicate that two conserved leucines at
the D-site of SlMPKK2 are required for PCD elicitation.
4. Discussion
We have discovered that the D-site of SlMKK2 is required for
interacting with the downstreamMAPK, SlMPK3 and that two con-
served leucines in this site are critical for this interaction. Previ-
ously, it was shown that the D-site of NtMEK2 is required for
both interaction with downstream MAPKs, SIPK and WIPK, and
for cell death elicitation in tobacco [19]. Interestingly, this previous
study showed that two conserved arginines were critical for both
phenotypes in tobacco. The possible importance of the two con-
served leucines in the site was not examined in this earlier study,
although here we have shown they are critical for interaction with
a downstream MAPK and for cell death elicitation. We also found
that, although substitution of the two arginines to alanines slightly
affected SlMKK2–SlMPK3 interaction, cell death-eliciting ability of
SlMKK2 was not changed, while substitution of the two leucines to
alanines completely eliminated its ability to trigger cell death. This
discrepancy might be due to different sensitivity of the cell death
assay in tobacco and N. benthamiana or due to the different amount
of proteins expressed by different expression systems.
Based on our co-IP results, SlMKK2 physically interacts with
SlMPK3 regardless of the PCD state of the plant cell suggesting that
SlMKK2 exists in a stable complex with SlMPK3 before the immune
response is activated. In mammals, the MEK1/2-ERK1/2 cascade is
one of the best characterized MAPK cascades [2]. MEK1/2 have two
different functions, with the main one being phosphorylation and
activation of ERK, once they are activated by MAPKKKs such as
Raf kinase (MAPKKK). Once this MAPKKK is activated, it recruits
scaffolding proteins such as KSR and b-arrestins, which interact
with MEK1/2 and ERK1/2 for efﬁcient signal transfer [27]. Depend-
ing on scaffolding proteins, MEK1/2-ERK1/2 proteins are present at
the different cellular compartments [3]. Related to this aspect,
MEK1/2 can function to tether inactive ERK1/2 to the cytoplasm,
implying that MEK and ERK are present as a complex with some
of scaffolding proteins without activation of this cascade. This is
very similar to what appears to occur with SlMKK2 and SlMPK3.
Although several scaffolding proteins have been characterized in 
SlMPK3-FLAG 
SlMPK3-FLAG 
GFP 
GFP-FLAG 
W
T
SlMKK2-
50aa-GFP 
SlMKK2-
50aa-GFP 
G
FP
 
SlMKK2-
50aa-GFP 
GFP-
FLAG 
4A R
R
-2
A
LL
-2
A
W
T
B 
SlMPK3 in plant cells. (A) A fragment consisting of the N-terminal 50 amino acids of
co-expressed with SlMPK3 in N. benthamiana. Co-IP was performed as described in
site were substituted with alanines in the SlMKK2-50aa-GFP construct. Alanine
med SlMKK2-50aa-GFP-4A, SlMKK2-50aa-GFP-RR-2A, and SlMKK2-50aa-GFP-LL-2A,
pared with interaction between the wild type SlMKK2-50aa-GFP (WT) by co-IP, as
B 
A 
WT
HA-SlMKK2DD
PCD:   12/12       0/12        0/12       12/12       0/12   
40 4A RR-2A LL-2A
C HA-SlMKK2DD
EVWT 40 4A RR-2A LL-2A
IBα-HA
Rubisco 
HA-SlMKK2DD
EVWT 40 4A RR-2A LL-2A
a 
a 
b b 
b 
b b 
C
on
du
ct
iv
ity
 (u
S)
 
Δ
Δ
Δ
Fig. 4. Two conserved leucines at the D-site of SlMKK2 are important for PCD
elicitation by SlMKK2DD in plant cells. (A) PCD assay in N. benthamiana leaves with
SlMKK2DD and its derivatives. 24 h after agroinﬁltration, 2 lM of estradiol was
sprayed on top of the agroinﬁltrated area to induce protein expression, and photos
were taken 3 days after protein induction. The numbers below each photo indicate
the number of spots showing PCD/total inﬁltrated spots. (B) Electrolyte leakage
assay to determine the degree of PCD with leaf discs collected from agroinﬁltrated
area 48 h after estradiol treatment. Data presented are means of four replicates
(two leaf discs from different plant leaves per replicate) and statistically analyzed
by t-test (P < 0.05). Each bar indicates standard errors. (C) Expression of proteins
used in (A) and (B). Total proteins from agro-inﬁltrated area were extracted 24 h
after estradiol treatment, and immunoblotting (IB) was carried out with anti-HA.
After IB, the same membrane was stained with Coomassie Brilliant Blue to show
rubisco proteins as loading controls. EV, empty vector.
1464 C.-S. Oh et al. / FEBS Letters 587 (2013) 1460–1465mammalian cells, there is no evidence that they are present in
plant cells and, if any, whether they function similarly in regulating
plant MAPK cascades.
In yeast, it has been shown that Ste7MEK carries at least three
sites that are responsible for binding to MAPKs and scaffolding pro-
teins in vivo [17]. First is the N-terminal D-site to recruit MAPKs by
physical binding, second is the active site where phosphorylation
occurs after making contact with the D-site, and the last is the site
to bind to scaffolding proteins, where all three components in a
MAPK cascade bind for efﬁcient signal transfer. Based on our re-
sults, it appears that the D-site of SlMKK2 functions like that of
Ste7, but there is no evidence about the other two sites in SlMKK2.
Because Ste7 is activated by Ste11, which is an upstream MAPKKK
[5], these proteins probably make a physical contact for phosphor-
transfer. However, it is not clear how they make a contact and
which site of Ste7 is responsible for contact with Ste11. Similarly,
in a previous study, we failed to observe physical interactionbetween SlMKK2 and SlMAPKKKa [15]. Clearly, more research is
necessary to fully understand the interaction relationships among
three components in plant MAPK cascades.
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